United States Patent

US007271647B2

(12) (10) Patent No.: US 7.271,647 B2
Cao et al. 45) Date of Patent: Sep. 18, 2007
(54) ACTIVE POLYPHASE FILTER 6,750,715 B2* 6/2004 Allott et al. ................ 330/258
6,831,497 B2* 12/2004 Kohetal. .................. 327/254
(75) Inventors: Kanyu Mark (ja():J Cupertinoj CA 6,993,310 B2* 1/2006 Magnusen et al. .......... 455/302
(US); Yiping Fan, Eremontj CA (US); * cited by examiner
Hongyu Li, Cupertino, CA (US);
Chieh-Yuan Chao, Fremont, CA (US) Primary Examiner—Dinh T. Le
(74) Attorney, Agent, or Firm—Thomas, Kayden,
(73) Assignee: Mediatek, Inc., Hsin-Chu (TW) Horstemeyer & Risley
(*) Notice: Subject to any disclaimer, the term of this (57) ABSTRACT
patent 1s extended or adjusted under 35 _ _ _
U.S.C. 154(b) by 180 days. The present invention provides methods and apparatuses for
a polyphase filter, comprising: a first and second cascoded
(21) Appl. No.: 11/209,914 diﬁ"ergq‘tial a.mpliﬁers configured to receiw; a ﬁrst. and sec-
ond diflerential signals, the first cascoded differential ampli-
(22) Filed: Aug. 22, 2005 fier having a first resistor coupled between current legs of the
first cascoded differential amplifier and the second cascoded
(65) Prior Publication Data differential amplifier having a first capacitor coupled
between current legs of the second cascoded differential
US 2007/0040604 Al Feb. 22, 2007 amplifier; and a third and fourth cascoded differential ampli-
(51) Int. Cl fiers configured to receive said first and said second difler-
HO-S’ e 5 00 (2006.01) ential signals, the third cascoded differential amplifier hav-
H04B 1/10 (2006.01) ing a second resistor coupled between current legs of the
2 US. Cl ' 127/557- 455/30) third cascoded differential amplifier and the fourth cascoded
(52) U T e o e " _ differential amplifier having a second capacitor coupled
(58) Field of Classification Search ........ 327/552-35359; between current legs of the fourth cascoded differential
o 45 5 /302, 307 amplifier; wherein the first and second cascoded diflerential
See application file for complete search history. amplifiers are configured to provide a first differential output
(56) References Cited in response to the first and second differential signals and the

U.S. PATENT DOCUMENTS

third and fourth cascoded differential amplifiers are config-
ured to provide a second differential output in response to
the first and second differential signals.

6,211,708 B1* 4/2001 Klemmer ......cccuuven...... 327/122
6,226,509 B1* 5/2001 Mole et al. ................. 455/302
6,636,085 B2* 10/2003 Okazaki et al. ............. 327/101 16 Claims, 3 Drawing Sheets
Vsupply 329
- Z , 328 . 341 |Dut:343
\/ ZL2 330 r[,:-ﬂﬂt .rVHﬂut
Iin+ 303. \l/hu. I -305 1/ 1 \LQH Q +3Dg
N n ¢ T, 308
O_I:’PL T, 302 12304 _°_|<T3 308, _* N
Q. 307 i g+
. I".l ]
CDIM 336 C‘) C') Ib3 340 C')
., 338 | >
b4

V

supply

Z,, 332
> 7,334

Q. 349 Q,,* 351
rV nut an ot
q+

Q. *3091 =07 | *303
in
;|_o Ts316)—
o—l:T 310 T 312 ' o—|:305 T,314 -

q+ R 320 # C 326 i+
(Dhs344 (D Wy (P
/ . 346 | 350



U.S. Patent Sep. 18, 2007 Sheet 1 of 3 US 7,271,647 B2

- 132 - 102
Qin R, 130 C, 104 Iin C
@
C, 126 Qout_ 128 R, 106
| - 108
out ©

—O
| t+124

out C3 110
(o

R, 122

C C.118 R. 114
| + 120 ‘ .
N

/i

¥ 112
Qin

FIG. 1 Prior Art



U.S. Patent Sep. 18, 2007 Sheet 2 of 3 US 7,271,647 B2

I'=I+jQ




U.S. Patent Sep. 18, 2007 Sheet 3 of 3 US 7,271,647 B2

329

suppl

suppl

FIG. 3



Uus 7,271,647 B2

1
ACTIVE POLYPHASE FILTER

FIELD

The present mvention relates to polyphase filters and,
more particularly, to methods and apparatuses for active
polyphase filter bufler circuits.

BACKGROUND

Polyphase filters recerve an N-phase or polyphase input
signal and create an N-phase output signal. Quadrature
filters, a particular type of polyphase filters, are well-known
tour-phase polyphase filters. Generally speaking, the iputs
of a quadrature filter consist of four signal voltages of
mutually equal value. The four signal voltages jointly con-
stitutes a signal vector group with individual signal vectors
succeeding one another 1n a given direction of rotation
through phase angles of 90 degrees. The frequency of the
polyphase signal may be positive or negative depending on
a counter-clockwise or clockwise rotation. Typically, the O
degree and 180 degree signal vectors are designated the +1
and -1 signals, and the 90 degree and 270 degree signal
vectors are designated the +1QQ and —jQ signals.

Polyphase filters are widely used in high frequency clock
data paths to generate quadrature signals and enhance image
rejection of a clock signal. Initially, many polyphase filters
were designed using a combination of LC filters. Today, with
the prevalence of integrated circuits and difliculties of 1mncor-
porating inductors into integrated circuits, a combination of
RC filters are commonly used in polyphase filters. Most
polyphase filters 1n use are passive circuits. A characteristic
of passive circuits 1s that 1t will induce an energy loss that
in general 1s proportlonal to the number of stages. Conse-
quently, extra bullers are often used at the outputs of the
passive polyphase filters which add cost and complexity to
a circuit design.

FIG. 1 1s an example of a prior art single stage polyphase
filter 10. The single stage polyphase filter 10 1s composed of
a plurality of passive capacitors and resistors. Input 1., ~ 102
1s coupled to a positive node o1 C4 104 and a first side of R3
106. Output I, ~ 108 1s coupled to the other side of R3 106

QLT

and a negative node of C3 110. Input Q, * 112 is coupled to

a positive node of C3 110 and a first side of R2 114. Output
Q.. 116 1is coupled to the other side of R2 114 and a
negative node of C2 118. Input I, * 120 is coupled to a
posmve node of C2 118 and a first 51de R1122. OutputI_ "~

124 1s coupled to the other side of R1 122 and a negative
node ot C1 126. Output Q_ =~ 128 1s coupled to a first side
of R4 130 and the negative node of C4 104. Input Q, =~ 132
1s coupled to a positive node of C1 126 and the other side of
R4 130. The single stage polyphase filter 10 includes inputs
I.-102,1 7120, Q,~ 132, and Q, * 112. Outputs of the s
polyphase filter 10 include I_ ~ 108, I~ 124, Q_ ~ 128,
and Q_ " 116. The inputs and four outputs and is commonly
known as a quadrature filter. Since the single stage
polyphase filter 10 includes only a plurality of passive
components, the filter undesirably attenuates the signals at
the outputs. Moreover, as more stages are added, the energy
loss 1s proportional to the number of stages added to the
filter.

Efforts to overcome the undesirable passive characteristic
of polyphase filters have included the use operational ampli-
fiers to provide active RC filters. Incorporating operational
amplifiers have aflorded polyphase filters with some gain at
the filter output. Moreover, feedback loops between the

inputs and outputs of the active RC filter reduce sensitivity
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to component variations in integrated circuits. However, a
major drawback of operational amplifier based polyphase
filters 1s the limited bandwidth which limit operation to low
frequencies.

Particularly with the advent of high frequency signals
above the range of 1 gigahertz, operational amplifier based
polyphase filters do not have the frequency response. Con-
cededly, circuit designers have been limited to using passive
polyphase filter designs in high frequency applications.
Even though the passive polyphase filter designs heavily
attenuate signals and require extra buflers with large gain,
circuit designers have had little choice but to add the extra
components to compensate for the signal loss of the passive
polyphase filter designs.

Accordingly, what 1s needed 1s a method and apparatus
that combines the advantageous characteristics of passive
polyphase filters and active RC filters. The improved
polyphase filter should include features such as ease of
manufacturing using existing integrated circuit manufactur-
Ing processes, being able to operate 1n the gigahertz range,
and be an active circuit with gain to reduce bullering
requirements.

SUMMARY OF THE

INVENTION

The present invention discloses methods and apparatuses
for active polyphase filters. The active polyphase 1s based on
cascode differential amplifiers and RC devices between the
legs of the cascode differential amplifiers. Accordingly, an
embodiment of the present mvention discloses an active
polyphase filter. The polyphase filter comprises a first set of
two cascoded differential amplifiers configured to receive a
first differential signal, a first cascoded diflerential amplifier
having a first resistor coupled between current legs of the
first cascoded differential amplifier and a second cascoded
differential amplifier having a first capacitor coupled
between current legs of the second cascoded differential
amplifier, and a second set of two cascoded differential
amplifiers configured to receive a second differential signal,
a third cascoded differential amplifier having a second
resistor coupled between current legs of the third cascoded
differential amplifier and a fourth cascoded diflerential
amplifier having a second capacitor coupled between current
legs of the fourth cascoded differential amplifier wherein the
second set of the two cascoded differential ampliﬁers are
configured to provide a first differential output in response to
the first diflerential signal and the first set of the two
cascoded differential amplifiers are configured to provide a
second differential output 1n response to the second differ-
ential signal.

In accordance with another aspect of the present imven-
tion, the first resistor i1s substantially equal to the second
resistor and the first capacitor 1s substantially equal to the
second capacitor. Matching the resistors and the capacitors
optimizes operation of the polyphase filter.

In accordance with another aspect of the present imnven-
tion, the first cascoded differential amplifier includes a first
pair of load resistances coupled to a supply voltage.

In accordance to another embodiment of the present
invention, the third cascoded differential amplifier includes
a second pair of load resistances coupled to a supply voltage.

In accordance with yet another aspect of the present
invention, the first pair of load resistances and the second
pair of load resistances are substantially equal. Having
substantially equal load resistance simplifies fabrication of
the circuit and optimizes operation of the polyphase filter.
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In accordance with yet another aspect of the present
invention, each of the cascoded differential amplifiers
includes transistors having substantially similar properties.

In accordance with another aspect of the present inven-
tion, the transistors mclude MOS devices having similar
transconductance.

In accordance with another aspect of the present inven-
tion, the transistors include bipolar junction devices having,
substantially similar gm properties. The transistors of the
cascode differential amplifiers aflord the polyphase filter to
produce a gain at the outputs. Producing a gain at the outputs
climinates the requirement for bufler circuits 1n most cases
that will simplify circuit designs and reduce costs.

Other aspects and advantages of the present invention will
become apparent to those skilled in the art from reading the
following detailed description when taken in conjunction
with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1illustrates a prior art polyphase filter;
FIG. 2 illustrates generation of quadrature signal from
non-ideal vectors; and

FI1G. 3 1llustrates a circuit diagram of an active polyphase
filter 1in accordance with an embodiment of the present
invention.

DETAILED DESCRIPTION

As disclosed below, the present invention provides meth-
ods and apparatuses for an active polyphase filter. In general,
the active polyphase filter 1s composed of high-speed ampli-
fiers with phase operations. The high-speed amplifiers
include differential pairs with input signals being passed to
the load with a phase shift of 90 degrees through a capacitor.
Additionally, the output of the high-speed amplifiers pro-
vides buflering characteristics with large gain. Since the
high-speed amplifiers use differential pairs, the amplifiers
maintain functionality at high frequency.

Throughout the description and the claims, the terms
polyphase filter and quadrature filter may be used inter-
changeably. Quadrature filter 1s a special instance of a
polyphase filter. Those skilled in the art will readily appre-
ciate that the present implementation of a quadrature filter
applies to polyphase filters. Accordingly, references to a
quadrature filter are applicable to polyphase filter applica-
tions.

One application of a quadrature filter 1s the generation of
quadrature signals from non-ideal vectors. As non-ideal
vectorinputs I, *, I. =, Q. ", and Q, ~ are fed into quadrature
filter, the filter provides outputs1__*, I~ Q_ *,and Q_ ~.
Signals relative phases of 0° and 180° are I-signal or
in-phase signal, and signals having relative phases of 90°
and 270° are Q-signal or quadrature-phase signal. The
outputs I _*, 1~ Q_ 7~ and Q_ ~ are often referred to as
filtered vectors and represent the differential quadrature
signals having same amplitude and phase difference of 90°
compared with the mnput. Consider the differential signals of
the I vector and the Q vector of any given quadrature signal,
cach vector can be decomposed 1nto two vectors, I, and I,
for vector I and Q, and Q, for vector Q. Mathematically, 1t
1s possible to perform a decomposition with strictly perpen-
dicular (I,,Q,) and (1,,Q,) vector pairs with equal amplitude,
where I, leads Q, by 90 degrees and (Q, leads I, by 90
degrees. In many circuit applications, only one sub-vector 1s
desired. By convention, 1t 1s usually the set with I, leads Q.

Accordingly, the magnitude ratio of desired vector set (I,
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QQ,) to the magnitude of the undesired set (1,, Q) 1s defined
as 1mage rejection ratio (IRR). The quadrature filter of the
present 1mproves the IRR of an iput quadrature signal by
providing different gains for the two vector sets.

FIG. 2 1llustrates a graphical example of an application of
a polyphase filter. The non-i1deal vector outputs are rotated
and summed to provide the generation of the quadrature
signals where I'=I+1QQ and Q'=Q—jl. The I' vector leads Q'
vector by exactly 90 degrees 1in the new vector set. The
magnitude of I' equals the magnitude of Q'. The 1mage
rejection 1s infinite in the ideal case. However, in real
implementations the achievable amount of image rejection 1s
limited by mismatches in circuit elements and the accuracy
of 90 degrees rotation operations.

In accordance with a preferred embodiment of the present
invention, FIG. 3 shows a quadrature filter circuit 300 that
includes high-speed amplifiers with phase operations. Cas-
coded differential amplifiers T1 302, T2 304 and T8 316, T7
314 receive mnputs 1.7 303 and I~ 305, respectively.
Cascoded differential amplifiers T5 310, T6 312 and T4 308,
T3 306 recerve inputs Q. " 309 and Q, = 307, respectively.
Resistor R1 318 1s coupled between the current legs of the
differential amplifier T1 302, T2 304 and specifically
between emitter T1 302 and emaitter T2 304. Resistor Rq 320
1s coupled between the current legs of the diflerential
amplifier T35 310 and T6 312 and specifically between
emitter T35 310 and emitter T6 312. Capacitor C1 324 1s
coupled between the current legs of ditferential amplifier T3
306 and T4 308 and specifically between emitter T3 306 and
emitter T4 308. Capacitor Cq 326 1s coupled between the
current legs of diflerential amplifier T7 314 and T8 316 and
specifically between emitter T7 314 and emitter T8 316.

Load resistance Z,, 328 has one end coupled to Vsupply
329 and the other end coupled to collector T1 302 and
collector T3 306. The node of collector T3 306 also provides

output I~ 341. Load resistance 7Z,, 330 has one end

QLT

coupled to Vsupply 329 and the other end coupled to
collector T2 304 and collector T4 308. The node of collector
T4 308 also provides output 1~ 343. Load resistance Z, ,

QLT

332 has one end coupled to Vsupply 329 and the other end

coupled to collector TS 310 and collector T7 314. The node
of collector 17 314 also provides output Q_ .~ 349. Load
resistance 7., 334 has one end coupled to Vsupply 329 and
the other end coupled to collector T6 312 and collector T8
316. The node of collector T8 316 also provides output Q_, .~
351. Current sources Ibl through Ib8 provide substantially
equal currents. Current sources Ibl 336 and Ib2 338 are
coupled to emitters T1 302 and T2 304, respectively. Current
sources 1b3 340 and Ib4 342 are coupled to emitters T3 306
and T4 308, respectively. Current sources Ib5 344 and Ibé6
346 are coupled to emutters T5 310 and T6 312, respectively.
Current sources Ib7 348 and Ib8 350 are coupled to emitters
17 314 and T8 316, respectively.

Referring to cascoded differential amplifier T1 302, 12
304 with R1 318 between the legs of the differential ampli-
fier, inputs signals are passed to the loads Z,, 328 and 7, ,
330 with a phase shift of 90° through Ci 324. Similarly,
cascoded differential amplifier TS 310, T6 312 with Rq 320
between the legs of the differential amplifier, inputs signals
are passed to the loads 7,5 332 and 7, 334 with a phase
shift of 90° through Cq 326. The cascoded differential
amplifiers include active devices 11 302 through T8 316. As
input signals are received at the mnputs of the cascaded
differential amplifiers, a gain 1s realized at the output of the
quadrature filter circuit 300.

Although the quadrature filter circuit 300 1s shown with

bi-polar transistors as active devices, those skilled in the art
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will realize that MOS (metal oxide silicon) or other similar
transistors may be substituted. The transistors have similar
properties including similar transconductance for optimal
operation of the quadrature filter circuit 300.

If bipolar junction transistors are used as the active
devices, the operation can be described by the following
equations at relatively low operating frequency:

_ &mer L Wik —vio)
1+ gmer-Ri/2 2

IC1

gmcs il Wgr — Vo)
1 + gm.c3 / jwlC; 2

Ic3 = —

11 =lic1 +ic3

Let all bias currents I, ~I,¢ are equal, and R=R_, C,=C |
Jjo,CR~1. Assume g, ~'R,>>1

out _ ;g /) LW
Vilh = =l 4y = _?I_[(VH - Vi )+ Jm—ﬂ (Vgr — ‘*’q—)]
SO

0 [(VH —Vi-) + J’i (Vgr — Vq—)]

2t it - —_—
Vi —vii ) =i Ly = > ”
; 0

Similarly, quadrature output can be derived

Ot ot

(Vgu —Vgo ) = —lp1 " £p) =

2714 LW
Ri (Vq—k - Vq—) _ jﬂd_[} ] (Vi—k - VE—)]

Image rejection

! ! " ! !
o O 05 )
Ul —

(V2T V) = (v —ye)
(1 + i)((‘f’n —Vi-)+ ] Wgiv = Vg-)) (1 i gm)
— IRy,
(1 - gﬂ)(("H —Viz) = j (Vgix —Vg-)) (1 - gn)

At w=wm,, IR goes to infinity if there 1s no device mis-
match, g, ~'R;>>1, and w 1s low enough. In reality, these
factors will cause an upper limit n how much image
rejection one can get from this circuit.

While the foregoing detailed description has described
several embodiments of the present mvention, 1t 1s to be
understood that the above description 1s 1llustrative only and
not limiting of the disclosed invention. Obviously, many
modifications and variations will be apparent to those skilled
in the art without departing from the spirit of the mnvention.

We claim:

1. A polyphase filter comprising:

a first and second cascoded differential amplifiers config-
ured to receive a first and second differential signals,
the first cascoded diflerential amplifier having a first
resistor coupled between current legs of the first cas-
coded differential amplifier and the second cascoded
differential amplifier having a first capacitor coupled
between current legs of the second cascoded differen-
tial amplifier; and

a third and fourth cascoded differential amplifiers config-
ured to receive said first and said second differential
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signals, the third cascoded differential amplifier having
a second resistor coupled between current legs of the
third cascoded differential amplifier and the fourth
cascoded differential amplifier having a second capaci-
tor coupled between current legs of the fourth cascoded
differential amplifier;

wherein the first and second cascoded differential ampli-
fiers are configured to provide a first differential output
in response to the first and second diflerential signals
and the third and fourth cascoded differential amplifiers
are configured to provide a second differential output 1n
response to the first and second differential signals.

2. The polyphase filter according to claim 1, wherein the
first resistor 1s substantially equal to the second resistor and
the first capacitor 1s substantially equal to the second capaci-
tor.

3. The polyphase filter according to claim 1, wherein the
first cascoded diflerential amplifier includes a first pair of
load resistances coupled to a supply voltage.

4. The polyphase filter according to claim 3, wherein the
third cascoded differential amplifier includes a second pair
of load resistances coupled to a supply voltage.

5. The polyphase filter according to claim 1, wherein the
first differential signals include inputs 1. ", and 1. ~, and the
second differential signals include

I'H+3 aﬂd Qiﬂ_'
6. The polyphase filter according to claim 1, wherein each
of the cascoded differential amplifiers includes a pair of
current sources having substantially similar current flow.

7. The polyphase filter according to claim 1, wherein each
of the cascoded diflerential amplifiers includes transistors
having substantially similar properties.

8. The polyphase filter according to claim 7, wherein the
transistors include MOS devices having similar transcon-
ductance.

9. The polyphase filter according to claim 7, where the
transistors include bipolar junction devices having substan-

tially similar gm properties.
10. A polyphase filter comprising:
a first resistor having a first end coupled to a supply

voltage and a second end coupled to a first end of a first
transistor;

a second end of the first transistor configured to receive a
first input and a third end of the first transistor coupled
to a first current source;

a second resistor having a first end coupled to the supply
voltage and a second end coupled to a first end of a
second transistor:;

a second end of the second transistor configured to receive
a second 1nput and a third end of the second transistor
coupled to a second current source;

a third resistor coupled between the first current source
and the second current source:;

a third transistor having a first end coupled to the first end
of the first transistor, a second end configured to receive
a third mput, and a third end coupled to a third current
SOUrCe;

a fourth transistor having a first end coupled to the first
end of the second transistor, a second end configured to
receive a fourth input, and a third end coupled to a
fourth current source;

a first capacitor coupled between the third current source
and the fourth current source:

a fourth resistor having a first end coupled to a supply
voltage and a second end coupled to a first end of a fifth
transistors:
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a second end of the fifth transistor coupled to receive the
fourth input and a third end of the fifth transistor
coupled to a fifth current source;

a fifth resistor having a first end coupled to a supply
voltage and a second end coupled to a first end of a
sixth transistors;

a second end of the sixth transistor coupled to receive the
third mput and a third end of the sixth transistor
coupled to a sixth current source;

a sixth resistor coupled between the fifth current source
and the sixth current source;

a seventh transistor having a first end coupled to the first
end of the fifth transistor, a second end coupled to
receive the second input, and a third end coupled to a
seventh current source;

an eighth transistor having a first end coupled to the first
end of the sixth transistor, a second end coupled to
receive the first mput, and a third end coupled to an
cighth current source; and

10

15

a second capacitor coupled between the seventh current 20

source and the eighth current source.

8

11. The polyphase filter according to claim 10, wherein
the first resistor 1s substantially equal to the second resistor
and the first capacitor 1s substantially equal to the second
capacitor.

12. The polyphase filter according to claim 10, wherein
the transistors are substantially bipolor junction transistors.

13. The polyphase filter according to claim 10, wherein
the transistors are substantially metal oxide silicon transis-
tors.

14. The polyphase filter according to claim 10, wherein
the first resistor, the second resistor, the third resistor, and
the fourth resistor are substantially equal.

15. The polyphase filter according to claim 10, wherein
the first current source, the second current source, the fifth
current source, and the sixth current source have substan-
tially similar current flow.

16. The polyphase filter according to claim 10, wherein
cach of the transistors include transistors having substan-
tially similar properties.
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